The addition of 25 ,ug of protamine sulfate per ml to lysozyme-ethylenediaminetetraacetic acid spheroplasts of Escherichia coli stimulates transfection not only for Ti phage deoxyribonucleic acid (DNA; Hotz and Mauser, 1969) but also for the following phage DNA species: lambda, 10,000-fold to an efficiency of 10-3 infective centers per DNA molecule; 4X174 replicative form, 300-fold to an efficiency of 5 x 10-2; fd replicative form, 300-fold to 10-6; T7, 300-fold to 3 x 10-1. Three native phage DNA species were not infective at all in the absence of protamine sulfate but were infective in the presence of protamine sulfate with the following efficiencies: T4, 10-5; T5, 3 X 10-1; and P22, 3 X 10-9. The effect of protamine sulfate is specific for double-stranded DNA. The application of infectivity assays to the study of phage DNA replication, recombination, prophage integration, prophage excision, and interspecies transfection are discussed.
The preparation of "competent" cells for transformation by bacterial deoxyribonucleic acid (DNA) or for transfection by viral nucleic acids has always been a largely empirical procedure. Besides enzyme or "helper phage" treatments which alter the cell surface of recipient cells to allow uptake of nucleic acids, "magic ingredients" such as serum albumin have often been used to increase the fraction of competent cells or to stabilize them. Smull and Ludewig (16) used basic proteins to stimulate the infectivity of polio virus ribonucleic acid (RNA); one of the proteins used, protamine sulfate, was shown by Hotz and Mauser (6) to stimulate transfection of Ti phage DNA 300-fold for lysozyme ethylenediaminetetraacetic acid (EDTA) spheroplasts (5 (5) . Not all of the steps presented here have been checked to see whether they are essential for obtaining competent cells.
E. coli W3350 (most competent strain), E. coli Hfr C64 (competence generally 1 to 10% of W3350), or E. coli K37 (competence generally 10 to 30% of W3350) were transferred from a 2-month-old slant to a fresh slant and incubated at 25 C for 36 hr. An overnight culture of bacteria in Fraser and Jerrel's (4) glycerol medium was prepared. The next morning, 1 ml of bacteria was added to 200 ml of fresh medium, and the culture was shaken until the cell count reached 5 X 108 bacteria/ml (an optical density of 1 at 550 nm in a model 2400 Gilford spectrophotometer). The bacteria were centrifuged at room temperature and resuspended in 3.5 ml of 1.5 M sucrose, followed by 1 ml of 30% Povite albumin, and 0.2 ml of lysozyme (2 mg/ml in 0.25 M Tris buffer, pH 8.1). Then 0.4 ml of unbuffered 4% EDTA was added, and 95 ml of PA medium (5) was added 40 to 120 sec later. After 10 min at room temperature without stirring, 2 ml of 10% MgSO4 and 0.25 ml of 1% protamine sulfate were added. The suspension was placed on ice and tested with OX174 phage and replicative form DNA for competence 0.5 hr after preparation (5) . Four hours later, the results of these transfection assays were evaluated; if the efficiency was high, these spheroplasts were used for transfection with other DNA species. Spheroplasts were usually at peak competence levels between 4 and 10 hr after preparation and then decayed rapidly; for the small fd and OX174 DNA species, competence was often stable for as long as 3 weeks.
The assay for larger DNA species (lambda, T7, T5, P22, and T4) was modified from that of Guthrie and Sinsheimer (5) in the following manner. DNA was diluted (by using sawed-off 1-ml plastic pipettes for T5 and T4 DNA) in 0.01 M Tris buffer (pH 8.1), instead of the usual 0.05 M Tris buffer; ionic strengths higher than 0.02 in the assay inhibit transfection by the larger DNA species as has previously been noted by Meyer et al. (11) . An equal volume of spheroplasts was added to the DNA at 30 C, and incubation was continued for 8 to 10 min. The infected cells were then mixed with 3 ml of PAM soft agar (reference 5; containing 1% Povite albumin and phage indicator bacteria) and poured on the appropriate bottom-layer agar plates used in phage assays (pH of these plates always adjusted to between 7 and 8). The plates were incubated at 37 C and scored for plaques. All experiments were accompanied by controls showing the absence of infective phage from the spheroplasts, media, and phage DNA species. The presence of mature phage 8 to 10 min after spheroplast addition was ruled out by parallel assays treated with chloroform; for lambda, fd, and OX174 DNA species, phage-resistant spheroplasts were used without affecting the kinetics or yield of infection. The identity of the infective nucleic acids was established by their sensitivity to electrophoretically purified deoxyribonuclease and to heat denaturation above the known Tm and by their resistance to ribonuclease and Pronase. An amber and a temperature-sensitive T4 phage mutant DNA gave the expected ratio of infective centers under permissive and nonpermissive conditions. In addition, both infective T4 and T5 phage DNA species were sensitive to mild shear on a vortex mixer, whereas the other DNA species were resistant; in fact, T7 DNA transfection was increased 2 to 3 times by prior vortex treatment.
The efficiency of transfection is defined here as the number of infective centers obtained for one molecule of DNA added to the assay tube. Table 1 shows the stimulatory effect of protamine sulfate for transfection by seven different double-stranded DNA species. 4X174 and fd replicative-form transfection as well as T7 DNA transfection were stimulated 300-fold, whereas lambda DNA transfection was stimulated 10,000-fold. In the absence of protamine sulfate, T4, T5, and P22 DNA species were not detectably infective, whereas in the presence of protamine sulfate efficiencies of transfection of 10-5, 3 x 10-6, and 3 x 10-9, respectively, were obtained. However, both of the single-stranded phage DNAs' and one phage RNA's (one experiment) transfection were not stimulated by protamine sulfate. In fact, a transient inhibition of 4X174 phage DNA transfection was observed with two-thirds of all fresh spheroplast preparations (data not shown). Figure 1 shows that the number of infective centers was directly proportional to the number of lambda DNA molecules in the assay tube over 647 VOL. 7, 1971 on October 14, 2017 by guest http://jvi.asm.org/ Downloaded from (14) ]. However, it is not clear how the inhibition of nucleases could explain the specificity of transfection enhancement for double-stranded DNA (see Table 1 ). Since both linear and circular double-stranded DNA transfection are enhanced by protamine sulfate and circular single-stranded DNA transfection is not affected, specific inhibition by protamine sulfate of an endonuclease which attacks only double-stranded DNA might be postulated. Endonuclease I of E. coli has such specificity (9) except that it will attack singlestranded DNA at low rates. However, the use of endonuclease 1-mutants or the addition of RNA [which strongly inhibits endonuclease I (9)] in transfection assays increases transfection by no more than threefold (21) , not enough to account for the 300-fold stimulation of transfection by protamine sulfate. Thus protamine sulfate could only inhibit some as yet undiscovered nuclease or combination of nucleases. (iii) It complexes double-stranded host DNA released from lysed spheroplasts (7); this complex, unlike the free DNA, no longer inhibits the uptake of doublestranded transfecting DNA. This seems the most plausible explanation for the effect of protamine sulfate since the specificity of transfection enhancement for double-stranded DNA can readily be explained. If single-stranded DNA enters the cell by a different mechanism than doublestranded DNA, it may be insensitive to inhibition of uptake by double-stranded DNA released from lysed spheroplasts. Indeed, both Postel and Goodgal (13) and Chilton and Hall (3) have found that the uptake of single-stranded transforming DNA takes place under special conditions where hardly any double-stranded DNA uptake is observed. Furthermore, Sinsheimer (15) has found that transfection by single-stranded DNA is not affected by high concentrations of double-stranded DNA, whereas much lower concentrations of single-stranded DNA do inhibit transfection. A number of other observations can also be explained by the hypothesis. (i) As Hotz and Mauser (6) have observed (see Fig. 1 ), there is a peak in the DNA saturation curve followed by a decline of infective centers instead of the usual plateau observed in the absence of protamine sulfate. If high concentrations of transfecting DNA competed strongly with inhibitory DNA released from lysed spheroplasts for the binding of protamine sulfate, this might explain the results. (ii) Treatment of spheroplasts in the absence of protamine sulfate with pancreatic deoxyribonuclease will often stimulate transfection by phage RNA (1) two-to fivefold. Perhaps the degradation of inhibitory DNA from lysed spheroplasts enhances the uptake of RNA. Paranchyc'h (12) has also shown a weak stimulation of phage RNA transfection by protamine sulfate. (iii) A transient inhibition of single-stranded DNA transfection by protamine sulfate is observed for two-thirds of all fresh spheroplast preparations (data not shlown); perhaps this is due to the incomplete lysis of fresh spheroplasts so that excess protamine sulfate is now available to inactivate transfecting DNA. Indeed, a progressive lysis of spheroplasts during storage has been observed (1). (iv) Native double-stranded 4X174 replicative form DNA is only slightly infective for penicillin spheroplasts but becomes highly infective after heat denaturation (2); similarly, T4 DNA infectivity increases for penicillin spheroplasts after heat denaturation (19) . Penicillin spheroplast populations contain many lysed cells (1) . To distinguish among the possibilities mentioned above and others, experiments using labeled transfecting DNA, protamine sulfate, and spheroplasts are now in progress.
RESULTS
Replicative intermediates have been isolated from many different kinds of phage-infected cells and have been characterized by physical chemical techniques; the high efficiencies of transfection presented here and the direct dependence on DNA concentration make the assay ideal for studying the biological properties of such intermediates. A more important application may be to the study of both in vivo and in vitro recombination. If the total complement of intracellular phage DNA can be assayed for recombinants at various times after infection, such mysterious variables as the number of rounds of mating might be determined; furthermore, presumed intermediates in recombination such as the T4 joint molecules described by Tomizawa and Anraku (18) might be tested to see whether they yield recombinants in transfection assays.
The observation that P22 phage DNA (isolated from phage grown on Salmonella typhimurium) can infect E. coli spheroplasts and yield progeny phage (Benzinger and Kleber, submnitted for publication) makes it possible to study transfection between different genuses and to determine the limiting factors (such as restriction) in such assays. The assay may also be used in other systems (10) .
